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A chimeric poliovirus type 1 (PV1) genome was constructed in which the 3D RNA polymerase (3Dpol) coding
sequences were replaced with those from coxsackievirus B3 (CVB3). No infectious virus was produced from
HeLa cells transfected with the chimeric RNA. Processing of the PV1 capsid protein precursor was incomplete,
presumably due to inefficient recognition of the P1 protein substrate by the chimeric 3CD proteinase contain-
ing CVB3 3D sequences. The ability of the chimeric RNA to replicate in the absence of capsid formation was
measured after replacement of the P1 region with a luciferase reporter gene. No RNA synthesis was detected,
despite efficient production of enzymatically active 3Dpol from the 3D portion of the chimeric 3CD. The
chimeric 3CD protein was unable to efficiently bind to the cloverleaf-like structure (CL) at the 5* end of PV1
RNA, which has been demonstrated previously to be required for viral RNA synthesis. The CVB3 3CD protein
bound the PV1 CL as well as PV1 3CD. An additional chimeric PV1 RNA that contained CVB3 3CD sequences
also failed to produce virus after transfection. Since processing of PV1 capsid protein precursors by the CVB3
3CD was again incomplete, a luciferase-containing replicon was also analyzed for RNA replication. The 3CD
chimera replicated at 33°C, but not at 37°C. Replacement of the PV1 5*-terminal CL with that of CVB3 did not
rescue the temperature-sensitive phenotype. Thus, there is an essential interaction(s) between 3CD and other
viral P2 or P3 protein products required for efficient RNA replication which is not fully achieved between
proteins from the two different members of the same virus genus.

Poliovirus type 1 (PV1), the prototypic member of the pi-
cornavirus family, belongs to the genus Enteroviridae, as does
coxsackievirus B3 (CVB3). CVB3 is closely related to PV1 with
respect to its structure and genome organization and manifests
some overlapping tissue tropism (51). Both viruses replicate
primarily in enteric and respiratory tract epithelial cells; how-
ever, each can infect other target tissues that can lead to
different and more severe disease. For example, PVs are able
to infect nerve cells, and CVs can infect cardiomuscular tissue.
In the laboratory, both viruses can infect the same cell lines
(e.g., HeLa, COS, Vero, and FRhK-4) at the same optimal
temperature. It is therefore likely that the RNA replication
reactions of these two picornaviruses involve an equivalent set
of protein-protein and protein-RNA interactions and perhaps
utilize the same host cell proteins.

PV RNA replication occurs in the cytoplasm of infected cells
in association with membranous complexes (3, 7, 8). These
complexes contain viral polypeptides and host proteins that
specifically initiate viral RNA synthesis at the 39 ends of both
plus- and minus-strand template RNAs that consist of either a
homopolymeric poly(A) sequence or a heteropolymeric se-
quence, respectively. Once RNA synthesis is initiated, 3Dpol,
the RNA-dependent RNA polymerase, catalyzes the addition
of nucleotides to the growing RNA strands (12, 13). In addi-
tion to 3Dpol, other nonstructural viral proteins, RNA se-
quence elements, and host protein(s) are required for the
initiation of synthesis of RNA; however, the mechanism by
which the replication machinery recognizes the viral RNA ter-
mini and initiates RNA synthesis is obscure (44, 59).

During an infection, the replication machinery specifically

amplifies viral RNAs. A complete RNA replication cycle in-
volves the copying of genomic RNA into complementary mi-
nus-strand RNAs. Minus-strand RNAs in turn serve as tem-
plates for plus-strand synthesis. The ratio of plus to minus
strands in PV-infected cells is approximately 40:1 (6, 15, 34),
which suggests that there are inherent differences in the pro-
cesses of the amplification of the two different strands. To-
wards this view, inhibitors and viral mutations exist that appear
to affect one reaction and not the other (15, 20). Presumably
RNA sequences within the plus- and minus-strand templates
interact with the replication machinery to direct RNA synthe-
sis catalyzed by 3Dpol.

Among members of the picornavirus family, the 3Dpol pro-
teins share a high degree of amino acid sequence homology.
Evolutionary studies suggest that the polymerase sequences of
picornaviruses are relatively constrained, since this region is
more highly conserved across the family than those regions
coding for most other viral proteins (48). Also conserved
among the picornaviruses are the RNA sequences located at
the termini of the 59 and 39 noncoding regions (NCRs) which
are believed to be involved in macromolecular interactions
required for efficient RNA replication (47, 54, 56). The 59
proximal ;100 nucleotides of both PV and CV genomes have
been predicted by computer analysis and confirmed experi-
mentally to form a cloverleaf-like structure (CL) (2, 50). In the
case of PV1 RNA, this structure has been shown to bind viral
proteins 3CD, 3C, and 3AB and a host protein, poly(rC) bind-
ing protein (PCBP) (1, 2, 14, 19, 36, 37). The ability to form a
ribonucleoprotein complex in vitro correlates with the ability
of the virus to replicate RNA in vivo. The 39 NCR forms an
RNA structure which is also suggested to participate in RNA
replication (24, 31, 32, 41). UV cross-linking studies suggest a
capacity for PV1 39 NCR to bind PV proteins containing 3Dpol

sequences (19), while sequences within encephalomyocarditis
virus (EMCV) 39 NCR and the poly(A) tract bind 3Dpol di-
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rectly (10, 11). Disruption or deletion of the 39 NCR results in
viruses that are debilitated in RNA replication (32, 52, 55). In
addition to sequences near the genomic ends, an internal ele-
ment required for RNA replication of human rhinovirus 14
was identified (29, 30). A similar element in PV1 or CVB3 has
not been documented.

To dissect interactions required for RNA replication, we
have generated chimeric genomes in which specific sequences
of PV1 RNA were replaced with those of CVB3. A viable virus
would reflect an allowable set of protein-protein and protein-
RNA interactions, whereas a chimera defective in RNA rep-
lication would indicate incompatible interactions between the
substituted viral protein and the rest of the viral replication
machinery. By constructing genomic chimeras between two
related viruses, it is possible to define interactions that are
required for efficient RNA replication. Chimeric PV1 genomes
were constructed that contained either the 3Dpol coding se-
quences and 39 NCR of CVB3 or the 3CD coding sequences
and the 39 NCR of CVB3. Whereas neither of the chimeric
genomes produced virus, the 3CD and 39 NCR replacement
was capable of RNA replication, while the 3Dpol and 39 NCR
replacement was not.

MATERIALS AND METHODS

Plasmid constructions. Plasmid pCVB3(0) (9) contains a full-length infectious
cDNA of CVB3. Plasmid pT7-PV1 (16) contains a full-length infectious cDNA
of PV1, and pRLuc31 (1) contains a cDNA of a PV1-luciferase replicon. To
facilitate cloning, SalI sites were introduced downstream of the poly(A) tracts in
pCVB3(0), pT7-PV1, and pRLuc31. Plasmids pCVB3(0) and pRLuc31 con-
tained preexisting SalI sites upstream of their respective promoters which would
interfere with subsequent cloning. Therefore the SalI sites were eliminated by
digesting each plasmid with SalI, end filling with the Klenow fragment of DNA
polymerase I, and religating the DNA fragments. pCVB3 was generated by

selection of a plasmid that had lost the SalI site, digestion with ClaI, end filling
of the site with Klenow enzyme, and introduction of a SalI site by linker ligation.
To generate pLucPV, a plasmid lacking a SalI site was digested with MluI; this
site was then end filled with the Klenow enzyme, and a SalI site was introduced
by linker ligation. pT7-PV1 was modified by digestion of the EcoRI site down-
stream of the poly(A) tract, end filling of the site with Klenow enzyme, and a SalI
site was introduced by linker ligation.

Table 1 summarizes plasmids generated by PCR site-directed mutagenesis
(22) to introduce or abolish restriction sites. The numbering used to describe
nucleotide positions of PV1 or CVB3 genomes in expression plasmids has been
adjusted to reflect the sequence numbering of the wild-type strains. All plasmids
were analyzed by restriction mapping and sequencing across the PCR-generated
portions to verify that no inadvertent mutations were present. Table 2 summa-
rizes plasmids generated by conventional subcloning methods by using two-
fragment ligation reactions.

Preparation of PV and CV proteins. pEXC-3D and pEXC-PC-3CD (see
above) were used to transform Escherichia coli JM109 cells. Cells were grown in
M9 medium at 37°C, until they reached an A600 of 0.5, at which time L-trypto-
phan was added to a final concentration of 20 ng/ml. Induced cells were main-
tained overnight with constant shaking at 25°C. Viral proteins 3CD and 3Dpol

were partially purified by precipitation with 40% ammonium sulfate saturation of
the soluble fraction of bacterial lysate, followed by dialysis in buffer A (0.05 M
Tris [pH 8.0], 0.1% NP-40, 0.05 M KCl, 10% glycerol, 5 mM b-mercaptoetha-
nol), and analyzed by Western blot and polymerase assays.

Recombinant (His)6-3CD fusion proteins were purified from IPTG (isopropyl-
b-D-thiogalactopyranoside)-induced bacterial extracts of E. coli BL21(DE3)-
pET(PC)-3CD, BL21(DE3) pET15 (CV) 3CD Age I (28a), or BL21(DE3)-
pET15b 3CDm10. Proteins were purified as previously described (37). Purified
proteins were quantified by Bio-Rad protein assay and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), either by stain-
ing with Coomassie blue dye or by antibody detection.

Western blot analysis. Samples were boiled in Laemmli sample buffer (27) and
resolved by electrophoresis on SDS–12.5% polyacrylamide gels. Proteins were
transferred to a nitrocellulose membrane (Schleicher & Schuell). The membrane
was incubated for 1 h at 25°C with rabbit anti-PV1-3C or anti-PV1-3Dpol serum
(46) and then probed with alkaline phosphatase-conjugated anti-rabbit mouse
antibodies for 30 min at 25°C, followed by color detection according to the
manufacturer’s protocol (Promega).

TABLE 1. Plasmids generated by PCR site-directed mutagenesisa

Plasmid [virus] Parent plasmid Nucleotide change Position Amino acid change Infectious status

pEXC-3D(AgeI) [PV] pEXC-3Db ACC 5985–5987 Q3T NAc

pCVB3(NdeI) pCVB3 CATATG 5356–5361 V3H; Q3M NDd

pT5T-3CD (AgeI) [CV] pT5T-3CD ACC 5908–5910 Q3T NA
pEXC-PC-3CD [PV-CV] pEXC-3CD(AgeI) CAA 5908–5910 T3Q NA
pT7PV1(Bsu36I) pT7-PV1 CTGA 5417–5420 I3L Yes
pLucPV(SnaBI) pLucPV T,T 109,113 NA NAe

pCVB3(SnaBI) pCVB3 T,C 112,114 NA Yes

a Reference 20.
b From reference 46.
c NA, not applicable.
d ND, not determined.
e Replicon exhibited wild-type RNA replication kinetics at 37 and 33°C as measured by luciferase assay.

TABLE 2. Plasmids generated by two-fragment ligation reactions

Plasmid [virus] Vector plasmid Insert plasmid Restriction enzyme(s)

pT5T-3CD [CV] pT5T-3Da pCVB3 (NdeI) NdeI, SalI
pEXC-3CD(AgeI) [PV] pEXC-3D(AgeI) pT5T-3CD(AgeI) SpeIb AgeI (vector); SalIb AgeI (insert)
pET15-(PC)3CD(AgeI) [PV-CV] pET15 3CDm10c pEXC-3CD(AgeI) DraIII, XhoI (vector) DraIII, SalI (insert)
pT7PV1-CV3CD pT7PV1(Bsu36I) pCVB3 Bsu36I, SalI
pT7PV1-CV3D pPT7-PV1 pEXC-PC-3CD BglII, SalI
pLucPV-CV3D pLucPV pEXC-PC-3CD BglII, SalI
pLucPV-CV3CD pLucPV pT7PV1-CV3CD SpeI, SalI
pCVCLLucPV pCVB3(SnaBI) pLucPV(SnaBI) SnaBI, SalI
pCVCLLucPV-CV3CD pCVCLLucPV pLucPV-CV3CD SpeI, SalI
pLucPVD3Dd pLucPV NA HindIII

a From reference 18.
b Plasmids were first digested with the indicated enzyme; overhanging ends were filled in with Klenow enzyme and then subsequently digested with AgeI.
c From reference 4.
d Plasmid resulted from a one-fragment ligation in which the internal HindIII fragment within 3D was deleted.
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Assay of 3Dpol RNA polymerase activities. Elongation activities of 3Dpol pro-
teins generated from the autocatalytic cleavage of 3CD expressed in E. coli were
measured as previously described (21). Reactions (50 ml) were initiated by
adding 2 ml of 3D-containing extracts, and aliquots (5 ml) were removed at the
indicated times. Assays were conducted in a linear range of enzyme concentra-
tions.

In vitro transcription. pT7-based plasmids were linearized with the appropri-
ate enzymes. Transcriptions were performed with T7 RNA polymerase by using
a MAXIscript in vitro transcription kit (Ambion, Inc.). For transfection experi-
ments, RNA was analyzed by electrophoresis in a 1% agarose gel in 0.04 M
Tris-acetate (pH 8.0)–1 mM EDTA (TAE) and stained with ethidium bromide.
For translation experiments, transcription reactions were terminated by addition
of DNase I. RNA was extracted with phenol-chloroform and further purified by
gel filtration on a Chromaspin-1000 spin column (Clonetech) to remove unin-
corporated nucleoside triphosphates (NTPs). The RNA concentration was de-
termined by A260 measurement and visualized by ethidium bromide staining in a
1% agarose–TAE gel. For electrophoretic mobility shift assays, radiolabeled
RNAs were purified on a 6% sequencing gel and quantified based on radioiso-
tope specific activity.

In vitro translation assays. In vitro translation-RNA replication assays were
performed in micrococcal nuclease-treated HeLa cell extracts as described pre-
viously (55). Reaction mixtures (50 ml) were programmed with 150 ng of full-
length RNA or replicon RNA and supplemented with [35S]methionine (Amer-
sham). Reactions mixtures were incubated at 30°C, and at indicated times, 10-ml
aliquots were taken and diluted in Laemmli sample buffer and stored at 220°C.
All aliquots were analyzed by SDS-PAGE. Gels were fluorographed, dried, and
exposed to Kodak BioMax MR film (Kodak Corp.).

Electrophoretic mobility shift assays. Mobility shift assays were performed as
described previously (2, 4, 37). RNA probe contained the first 114 nt of PV1
sequences derived from transcription of pLucPV (SnaBI) linearized with SnaBI
restriction enzyme.

Transfections and luciferase assays. Approximately 90% confluent monolay-
ers of HeLa cells grown in six-well plates were rinsed twice with phosphate-
buffered saline (PBS). A transfection mixture (500 ml) containing ;1 mg of crude
RNA, 0.5 mg of DEAE-dextran per ml in TS buffer (137 mM NaCl, 4.4 mM KCl,
0.7 mM Na2HPO4, 25 mM Tris, 0.5 mM MgCl2, 0.68 mM CaCl2 [pH 7.4]) was
applied to each well and allowed to incubate at 25°C. After 30 min, 4 ml of
Dulbecco’s modified Eagle’s medium (DMEM) was added, and cultures were
incubated at either 33 or 37°C for an additional hour. Medium was then replaced
with MEM supplemented with 10% newborn calf serum and 1% nonessential
amino acids, and plates were allowed to incubate at appropriate temperatures
until harvested. At the indicated times, cells were washed twice with PBS. Cell
culture lysis buffer (200 ml) (Promega) was added to each well, and cells were
collected in a 1.5-ml Eppendorf tube. After pelleting of nuclei, aliquots (10 ml)
of the supernatants were used in luciferase assays with the addition of 100 ml of
Luciferin substrate (Promega), and light emission was measured with a Mono-
light 2010 luminometer (Analytical Luminescence Laboratory). In order to con-
duct luciferase assays in a linear range of enzyme concentrations, some extracts
were diluted, and their relative light units (RLU) were calculated accordingly.
Triplicate samples were analyzed for each time point, and each time course
experiment was performed at least three times.

RESULTS

Construction of a PV1 genomic chimera containing CVB3
3Dpol coding sequences. A full-length PV RNA chimera, which
replaced the 3Dpol coding sequences and 39 NCR of PV1 with
those of CVB3, was engineered to determine if a closely re-
lated viral polymerase, in conjunction with PV1 proteins, could
support RNA replication of an otherwise PV1 genome. A
schematic diagram of this chimeric genome is displayed in Fig.
1A. When HeLa cells were transfected with RNA transcribed
from the chimeric cDNA, no viable virus was recovered at
either 33 or 37°C (data not shown).

Protein processing by 3D chimera. 3D amino acid sequences
constitute the C-terminal portion of the viral 3CD protein,
which is responsible for proteolytic cleavage of PV1 structural
and nonstructural proteins (36, 62). Introduction of the CVB3
3D sequences generated a chimeric 3CD proteinase, com-
prised of PV1 3Cpro sequences and CVB3 3Dpol sequences. To
investigate if the RNA containing the chimeric 3CD could be
efficiently translated and processed, in vitro translation reac-
tions were programmed with the full-length chimeric RNA.
Virus-specific proteins were labeled with [35S]methionine and
over a time period of 2 to 24 h, aliquots were analyzed by
SDS-PAGE to determine the overall pattern and kinetics of

protein processing (Fig. 1B). Lanes 3 through 6 show the
kinetics of processing typical for wild-type PV1 polyprotein,
and lanes 11 through 14 show the characteristic protein profile
resulting from wild-type CVB3 polyprotein processing. The
processing pattern of the chimeric polyprotein (lanes 7 to 10)
resembles that of PV, with the exception of the accumulation
of a .60-kDa band (compare lanes 6 and 10) and the delayed
appearance of VP0 and VP3. After 4 h, VP0 and VP3 are both
evident in the wild-type PV translation (lane 4), while neither
product is observed for the chimera at this time (lane 8). The
.60-kDa band that accumulates at 4 h most likely represents
uncleaved VP0-VP3 (also designated 1ABC) which has a pre-
dicted molecular mass of 63 kDa. VP1 is generated by 4 h,
suggesting that the VP3-VP1 cleavage occurs more readily
than the VP0-VP3 cleavage, consistent with previous studies
(28). Efficient processing at the C terminus of VP1 is mediated
by 2Apro (57). At 8 h (lane 9), cleavage of additional P1 by the
chimeric 3CD produces VP0-VP3 (63 kDa) and VP1 (34 kDa),

FIG. 1. Capsid processing of PV1 chimeras containing CVB3 3Dpol. (A)
Schematic representation of a full-length chimeric genome and viral polyprotein
organization are shown. The viral structural proteins are derived from the P1
portion of the genome, and the nonstructural proteins are derived from the P2
and P3 portions of the genome. PV sequences are represented by solid lines and
white boxes, whereas CV sequences are represented by the black box (3D coding
sequences) and dotted lines (39 NCR). (B) In vitro translation of PV1, CVB3,
and chimeric T7 transcripts. Full-length transcripts from wild-type PV1 cDNA
(lanes 3 to 6), chimeric PV1-CVB3 3D cDNA (lanes 7 to 10), and wild-type
CVB3 cDNA (lanes 11 to 14) were used to program translation reactions in
HeLa S10-ribosomal salt wash extracts. At the indicated times, aliquots were
removed, diluted in Laemmli sample buffer, and subjected to electrophoresis on
a 12.5% polyacrylamide–SDS gel. Lane 2 contains a mock translation mixture
incubated for 8 h with no RNA added. A translation reaction mixture pro-
grammed with PV1 virion RNA was loaded in lane 1 as a marker for viral
proteins. The positions of viral proteins are indicated to the left and the molec-
ular masses are indicated to the right.
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and some VP0 and VP3 are detected. By 24 h (lane 10), VP0
and VP3 accumulate, coinciding with a slight decrease of VP0-
VP3 (1ABC). The results indicate that the chimeric 3CDpro

cleaves the PV1 P1 less efficiently than does PV1 3CD and that
even after 24 h of incubation, unprocessed capsid protein in-
termediates are still present. The cleavage of P2-P3 polypro-
teins by the chimeric 3CD in vitro appeared to occur normally.

Defective replication of a PV1 replicon containing CVB3
3Dpol. Since failure to efficiently cleave the PV1 structural
proteins may have contributed to the lack of recovery of viable
virus, we employed a luciferase assay to determine the effects
of CVB3 3D on RNA replication. Picornavirus replicons in
which the P1 coding sequence was replaced with a reporter
gene have been described previously (1, 29, 40, 43, 50, 58).
Replicons replicate in cultured cells, but since they lack capsid-
coding sequences, no virus is produced. RNA replication can
be measured by Northern blot analysis of total cell RNA, or if
a reporter gene is used, then RNA replication can be measured
indirectly by the activity of the reporter gene product. As the
RNA is amplified, the gene for the reporter is also amplified
and translated. A complete RNA replication cycle is measured,
since the exponential amplification of the reporter gene relies
on the faithful copying of the input RNAs into complementary
minus stands and, subsequently, the copying of the minus
strands into plus strands.

The 3Dpol coding sequences of CVB3 were subcloned into a
PV-luciferase replicon (Fig. 2A), which was used to measure
RNA replication in cultured HeLa cells in the absence of virus
production. Because input RNA from the transfection can
serve as mRNA, a basal level of luciferase activity was ex-
pected, even in the absence of RNA amplification. As a mea-
sure of the basal level of luciferase activity due to translation of
input RNA, a reporter PV-luciferase construct was generated
which contained an internal deletion in the 3Dpol gene. The
resulting RNA could be translated, but could not be replicated.
Figure 2B shows that this nonreplicating RNA induced a low
level of luciferase activity, which remained relatively constant
and then decreased over time. The wild-type PV-luciferase
replicon displayed an exponential increase in the amount of
luciferase activity over time, reflecting amplification of the
luciferase template due to active RNA replication. No virus-
specific RNA replication was detected from the chimeric RNA
at either the normal permissive temperature of 37°C (Fig. 2B)
or at 33°C (Fig. 2C). Since a defect in either minus-strand
synthesis or plus-strand synthesis would result in a null RNA
replication phenotype, it is not possible to determine if both or
only one reaction is affected by the CVB3 3D polymerase
sequence. These data suggest that CVB3 3Dpol is unable to
interact with other PV1 proteins or RNA sequences to support
RNA replication. However, it was first necessary to demon-
strate that the chimeric 3CD was able to generate a functional
CVB3 3Dpol.

Production of CVB3 3Dpol. Although the overall pattern of
nonstructural protein processing was observed by translation
of genome-length RNAs, a detailed analysis of 3CD cleavage
to 3Dpol and 3Cpro was not readily visualized. The amino acid
sequence at the chimeric 3C/3D cleavage site is unlike either
wild-type PV1 or CVB3 3CD junctions. We wanted to deter-
mine if the chimeric 3CD protein was capable of autocatalytic
cleavage and, if so, whether a functional polymerase was pro-
duced. The 3CD cDNA was subcloned into an E. coli expres-
sion vector to generate pEXC-PC 3CD. Diagrams of
pEXC-3D (which expresses PV1 3CD) and pEXC-PC-3CD
(which expressed the chimeric 3CD) and their expected pro-
teins are shown in Fig. 3A and B. Soluble E. coli extracts were
analyzed by a Western blot probed with PV1 anti-3D serum

(Fig. 3C). The two polymerase molecules share ;74% amino
acid identity, and both react with antiserum raised against PV1
3D. Lanes 1 to 5 contain dilutions of PV1 3CD-containing
extracts. A prominent band that migrates at 72 kDa corre-
sponds to PV1 3CD, and a second prominent band that mi-
grates at 52 kDa identifies 3Dpol. Lanes 6 to 10 contain dilu-
tions of extracts containing the chimeric 3CD. At lower
dilutions (lanes 6 and 7), a band that migrates at 72 kDa is
detected which corresponds to the fusion of PV1 3C and CVB3
3D proteins. Although the ratio of 3D to 3CD appears to be
greater for the chimeric protein than for the PV protein, it is
possible that the chimeric 3CD is less soluble and was there-
fore not recovered following the centrifugation step used to
prepare the extracts. A major protein species at 52 kDa is
detected which represents CVB3 3Dpol. Thus in E. coli, the
chimeric 3CD is able to cleave itself to produce a protein that
is the expected size of CVB3 3Dpol.

To demonstrate that the resulting CVB3 3D protein was
catalytically active, we assayed preparations from the E. coli

FIG. 2. Lack of RNA replication of PV chimeras containing CVB3 3Dpol.
(A) Schematic representation of a chimeric PV replicon in which the nonstruc-
tural genes have been replaced with a luciferase reporter gene. (B) Time course
of RNA replication measured by luciferase accumulation following RNA trans-
fection of HeLa cells at 37°C. (C) Time course of RNA replication measured by
luciferase accumulation following RNA transfection of HeLa cells at 33°C.
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extracts for RNA chain elongation activity. Enzymatic proper-
ties of PV1 polymerase expressed in E. coli are indistinguish-
able from polymerase purified from PV1-infected HeLa cells
(33). Therefore, polymerase activity from 3Dpol expressed in E.
coli likely reflects the activity that would be expressed from a
full-length polyprotein. To estimate the enzymatic activity of
the CVB3 polymerase, extracts from bacteria expressing either
the chimeric 3CD or wild-type PV1 3CD, both of which pro-
duce 3Dpol, were assayed for RNA polymerase activity.
Poly(A) templates and oligo(U) primers were incubated with
protein preparations, and the amount of [3H]UMP incorpora-
tion was measured over time (Fig. 3D). Similar levels of activ-
ity were detected for CVB3 3Dpol and PV1 3Dpol, indicating
that the chimeric 3CD generates a functional polymerase in
this RNA chain elongation assay. The quantitation of activity
levels and protein concentrations indicates that the PV1 and
CVB3 3D proteins manifest approximately the same specific
activities (data not shown). Despite production of similar
amounts and activities of 3D proteins in E. coli, it is possible
that subtle alterations in P3 protein processing in HeLa cells

might contribute to the failure of the chimeric RNA to be
replicated in transfected cells.

Production of purified 3CD protein. To examine biochemi-
cal functions of 3CD and to compare the chimeric 3CD with
PV1 3CD and CVB3 3CD, we expressed and purified N-ter-
minal histidine-tagged versions of all three proteins. CVB3
3CD and the chimeric 3CD cDNAs were recloned into a his-
tidine expression plasmid described previously (4). 3CD is nor-
mally cleaved at a Gln-Gly junction (17) to generate 3C and
3D. The Gln-Gly amino acid sequences at the 3C-3D junction
were changed to Thr-Gly for the chimeric and CVB3 proteins
in order to minimize cleavage (data not shown). PV1 3CD
contained a serine insertion adjacent to the 3C-3D junction,
which similarly prevented cleavage (53). Proteins were purified
from bacterial extracts by nickel affinity chromatography. A
Coomassie blue-stained gel indicated the recovery of proteins
of the expected sizes (Fig. 4A). In addition, each preparation
contains faster-migrating protein species. Figure 4B shows a
Western blot of the PV1 His-3CD, the chimeric His-3CD, and
CVB3 His-3CD obtained with an antibody raised against PV1
3C to detect 3C-containing proteins. The conservation of

FIG. 4. Purification and biochemical analysis of His-tagged 3CD proteins
expressed in E. coli. His-tagged proteins were expressed in BL21(DE3) cells and
affinity purified. (A) Coomassie blue staining of a 12.5% polyacrylamide–SDS gel
following electrophoresis of fractions (lane 1, chimeric 3CD; lane 2, CVB3 3CD;
lane 3, PV1 3CD) purified on a nickel column. Lane 4 contains marker proteins.
(B) Western blot analysis of a gel identical to that shown in panel A. Antiserum
raised against PV1 3C was used for immunoblot analysis. (C) RNA electro-
phoretic mobility shift analysis with an RNA probe representing the PV1 59 CL
structure. PV1 probe was incubated with buffer alone (lane 1), with recombinant
PCBP2 alone, or with recombinant PCBP2 and the indicated amounts of 3CD
(lanes 3 to 11). RNA-protein complexes were resolved on a 4% native polyacryl-
amide gel and are indicated to the left of the autoradiograph.

FIG. 3. (A) Production of PV1 3Dpol and CVB3 3Dpol in E. coli. A schematic
of PV1 3CD fusion protein expressed in E. coli is presented. 3CD is processed to
generate active PV1 3Cpro and PV1 3Dpol. (B) Schematic of a chimeric 3CD
fusion protein expressed in E. coli. The chimeric 3CD is autocleaved to generate
PV1 3Cpro and CVB3 3Dpol. (C) Western blot analysis of soluble lysates of 3CD
expressed in E. coli. Dilutions of extracts containing wild-type PV1 3CD (lanes 1
to 5) and chimeric 3CD (lanes 6 to 10) were resolved by SDS-PAGE (10%
polyacrylamide) and transferred to nitrocellulose membrane for analysis with
antiserum raised against PV1 3Dpol. The positions and sizes of viral proteins are
indicated to the right. (D) Elongation activities of PV1 3Dpol and CV3 3Dpol

generated from autocleavage of 3CD fusion proteins. Portions were taken at the
indicated time and measured for UMP incorporation as described in Materials
and Methods.
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amino acid sequences between PV1 3C and CVB3 3C is
;60%. Apparently PV1 3C antiserum does not recognize
epitopes in CVB3 3C (2a). Only PV1 3CD and the chimeric
3CD, which contains PV1 3C sequences, are identified in the
immunoblot. The reactivity of PV1 3C antibody with the faster-
migrating bands (#30 kDa) suggests that these peptides are
His-tagged, amino-terminal fragments containing 3C.

RNA binding by chimeric 3CD. A previously characterized
activity of PV1 3CD is the formation of a ribonucleoprotein
complex with the first ;100 nt of the 59 end of PV1 plus-strand
RNA. In the presence of a host factor, PCBP, PV1 3CD forms
a stable ternary complex with 59 proximal sequences, which
fold into a CL structure (1, 2, 5, 14, 37). To test whether the
chimeric 3CD could bind to the PV1 59 proximal sequences,
electrophoretic mobility shift assays were performed with PV1
CL RNA representing the 59-terminal ;100 nt of plus-strand
RNA (Fig. 4C). Increasing amounts of purified His-3CD were
incubated with probe in the presence of purified recombinant
PCBP2 (rPCBP2). Only at the highest concentration does the
chimeric 3CD bind the PV1 probe, while PV1 3CD forms a
ternary complex with the probe and rPCBP2 at much lower
concentrations. Interestingly, the authentic CVB3 3CD formed
a ternary complex at the lowest concentrations of protein
tested. These data indicate a significantly reduced affinity of
the chimeric 3CD protein for the PV1 CL and suggest a pos-
sible cause for the failure of PV1 RNAs containing CVB3 3D
sequences to support RNA replication.

RNA replication of a PV1 replicon containing CVB3 3CD.
The experiments described above showed that the replacement
of PV1 3D coding sequences with those from CVB3 adversely
affected 3CD RNA binding activity, while CVB3 3CD ap-
peared to bind as well as PV1 3CD. To eliminate the defective
3CD molecule, a PV chimera that exchanged 3C sequences as
well as 3D sequences for those of CVB3 was generated (Fig.
5A). RNA transcribed in vitro did not generate virus in HeLa
cell transfection experiments at either 33 or 37°C (data not
shown). The CVB3 3CD sequences were inserted into a lucif-
erase-containing PV replicon to generate pLucPV-CV3CD, and
this chimeric reporter replicon was used in transfection exper-
iments to determine if the RNA could replicate in HeLa cells
(Fig. 5B). Detectable luciferase activity was measured at 33°C
(Fig. 5D), but not at 37°C (Fig. 5C). At 33°C, luciferase activity
reached ;5 to 20% (Fig. 5D; data not shown) of that observed
with PV1 3CD, suggesting that RNA replication of the chimera
was temperature sensitive and notably less efficient than the
wild-type PV1 sequences.

In vitro translation and protein processing of 3CD chimera.
To determine the translation and protein processing efficien-
cies of the chimeric poliovirus genomic length RNA encoding
CVB3 3CD, RNA transcribed from pT7-PV1-CVB3 3CD was
used to program HeLa cell extracts competent for translation.
[35S]methionine-labeled proteins were analyzed by SDS-
PAGE. Products observed after 24 h of translation demon-
strated that CVB3 3CDpro did not efficiently cleave the PV P1
protein (Fig. 6, lane 10). The 63-kDa band, which represents
uncleaved VP0-VP3 (1ABC), is evident after 24 h of incuba-
tion. VP0 is generated to a greater extent than either VP3 or
VP1, which indicates that cleavage occurs more readily at the
VP0-VP3 junction than at the VP3-VP1 junction. Failure to
generate VP3 and VP1 correlates with the presence of a pro-
tein of approximately 60 kDa that may represent uncleaved
VP1-VP3. In vitro translations programmed with RNA tran-
scribed from pLucPV-CV3CD were also analyzed by SDS-
PAGE. CVB3 3CD processed PV1 P2 and P3 polyproteins as
efficiently as did PV1 3CD (data not shown). The inability of
CVB3 3CD to efficiently cleave structural proteins of PV1 most

likely contributes to the inability of this chimera to produce
infectious virus despite its ability to replicate RNA.

CL exchange in CVB3 3CD replicon. The replacement of
PV1 3CD sequences with CVB3 3CD sequences resulted in
RNA replication of the chimeric RNA in HeLa cells, (Fig. 5D)
albeit with low efficiency. We sought to determine whether
replacement of the 59-terminal RNA sequences with those
from the cognate CVB3 CL sequence would result in more
efficient RNA replication. The 59 proximal ;100 nt of the
chimeric replicon, pLucPV-CV3CD, were replaced with those
of CVB3 to generate pCVCLLucPV-CV3CD (Fig. 7A). RNA
from this chimera was used to transfect HeLa cells, and sam-
ples were taken at 5-h intervals to determine luciferase activity
as a measure of RNA replication (Fig. 7B). The chimeric
replicon failed to replicate RNA at 37°C, demonstrating that
the match between CVB3 3CD and the CVB3 CL was not

FIG. 5. RNA replication of a PV-replicon chimera containing CVB3 3CD.
(A) A schematic representation of a full-length chimeric PV1 genome structure
and viral protein organization similar to that in Fig. 1A is shown. The 3CD
coding sequences and 39 NCR of PV1 genome were replaced with those of
CVB3. (B) A schematic representation of a chimeric PV replicon containing
CVB3 3CD and 39 NCR is shown. (C) Time course of RNA replication measured
by luciferase accumulation following RNA transfection of HeLa cells at 37°C.
(D) Time course of RNA replication measured by luciferase accumulation fol-
lowing RNA transfection of HeLa cells at 33°C.
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sufficient to restore efficient RNA replication to the 3CD chi-
mera at 37°C (data not shown). Interestingly, a replicon that
contained only the CVB3 CL in exchange for PV1 CL repli-
cated RNA to the same level as the wild-type PV replicon,
suggesting that PV1 3CD interacted productively with CVB3
CL (Fig. 7B). At 33°C, the chimeric replicon, pCVCLLucPV-
CV3CD, exhibited the same inefficient level of RNA replication
as pLucPV-CV3CD, which contained only the CVB3 3CD se-
quences. Both genomes replicated to ;10% of the wild-type
level. These data indicate that some property or function of
3CD other than CL binding is responsible for the temperature-
sensitive RNA replication phenotype.

DISCUSSION

Specificity of picornavirus RNA replication must, in part,
rely on RNA sequences within the viral genome. It is unclear,
however, whether interactions between 3Dpol and viral RNA
are responsible for the specificity or whether other viral and/or
host proteins are involved in directing the polymerase to its
RNA target via protein-protein and protein-RNA interactions.
The membranous replication complex may also contribute to
the specificity of RNA replication by limiting the diffusion of
competent viral replication proteins out of the complex and
likewise excluding cellular mRNAs from the complex. The
proximity of 3Dpol coding sequences to the 39 end of the
genome positions newly translated 3Dpol polymerase near the
putative initiation site of RNA replication, increasing the like-
lihood that it will amplify viral RNA. The question we ad-
dressed was whether a functional RNA polymerase from a
related virus could support RNA replication of a PV1 genome,

or whether each RNA-dependent RNA polymerase of picor-
naviruses coevolved with its own RNA elements and other viral
proteins within a host cell to give rise to virus-specific RNA
polymerase molecules that are limited to replicating their own
genome.

In order to examine the specificity of RNA replication, a
series of allelic exchanges that included viral polymerase se-
quences were constructed between the PV1 and CVB3 ge-
nomes. Although no viable virus was recovered from any of the
chimeric genomes, RNA replication was monitored in cell cul-
tures utilizing luciferase-based PV1 replicons. A chimeric rep-
licon that contained CVB3 3Dpol coding sequences and CVB3
39 NCR resulted in a null RNA replication phenotype despite
efficient production of 3Dpol polymerase activity from the chi-
meric 3CD expressed in E. coli. It is not known whether syn-
thesis of both plus and minus strands is defective, since either
would result in failure to accumulate luciferase activity in this
assay.

Binding assays demonstrated that the chimeric 3CD ex-
pressed in E. coli was less efficient than either wild-type PV1 or
CVB3 3CD proteins in interacting with PV1 CL in vitro. The
observed affinity of CVB3 3CD for PV1 CL prompted the
exchange of PV1 3CD coding sequences for those of CVB3.
When the CVB3 sequences in the chimera were increased to
include CVB3 3C in addition to 3D, RNA replication levels
that were 5 to 20% that of wild-type PV1 levels were readily
detected at 33°C, but not at 37°C. The amount of RNA gen-
erated from the PV1-CVB3 3CD chimera may not be adequate
for encapsidation, suggesting that a threshold level of RNA is
needed for virus production. Alternatively, a delay in the ki-
netics of structural protein processing was observed that may
affect the coupling between RNA replication and packaging
(25, 35) and contribute to the lack of virus production. The
inability of CVB3 3CD to efficiently cleave PV1 P1 protein to

FIG. 6. In vitro translation and processing of PV1, CVB3, and chimeric T7
transcripts. Full-length transcripts from wild-type PV1 cDNA (lanes 3 to 6),
chimeric PV1-CVB3 3CD cDNA (lanes 7 to 10), and wild-type CVB3 cDNA
(lanes 11 to 14) were used to program translation in HeLa S10 extracts (supple-
mented with a ribosomal salt wash from HeLa cells) in the presence of [35S]me-
thionine. Reactions were analyzed as described in the legend to Fig. 2.

FIG. 7. Inability of CVB3 59CL to rescue temperature sensitivity of PV1-
CVB3 3CD replicon. (A) Schematic representation of a chimeric PV replicon in
which the structural genes have been replaced with a luciferase reporter gene is
presented. The first ;100 59 nt, 3CD coding region, and 39 NCR of PV1 se-
quences were replaced with CVB3 sequences. (B) Time course of RNA repli-
cation measured by luciferase accumulation following RNA transfection of HeLa
cells at 33°C. In this experiment, pRLuc31-2Cpro, which has a lethal mutation in
2C and does not replicate (25), was used as a negative RNA replication control.
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generate capsids likely contributed to the failure of the chi-
meric genome to produce virus.

Measurable RNA replication by the PV1 replicon contain-
ing CVB3 3CD and 39 NCR suggested that although CVB3
3Dpol can support RNA replication of an otherwise PV1 ge-
nome, a complete CVB3 3CD sequence is required for some
step in the RNA replication reaction. The temperature sensi-
tivity and low levels of RNA replication observed for the CVB3
3CD chimera suggest that CVB3 3CD does not interact effi-
ciently with other PV1 viral proteins or RNA sequences. In
previous studies utilizing picornavirus chimeras, it was demon-
strated that incompatibility between 3CD protein and the 59
CL structure would result in defective RNA replication (50,
61). Therefore, a possible cause for the inefficient RNA repli-
cation of the chimera described above would be an incompat-
ible interaction between that of CVB3 3CD and the PV1 59
CL. However, CVB3 3CD and PV1 3CD demonstrated com-
parable affinities for interaction with PV1 59 CL in vitro; fur-
thermore, there were no significant differences in RNA repli-
cation between the 3CD chimera containing PV1 59 CL and
the chimera containing CVB3 59CL, suggesting that the 59 CLs
are interchangeable. Replacing PV1 59 CL with CVB3 59 CL
resulted in a replicon that exhibited a wild-type RNA replica-
tion phenotype and demonstrates that all PV nonstructural
proteins interact with the CVB3 59 CL as efficiently as with
PV1 59 CL, as reported previously (26). The inability to restore
RNA replication to a wild-type phenotype by introducing the
CVB3 59 CL suggests that protein-protein and/or protein-RNA
interactions are required with CVB3 3CD or 3Dpol for RNA
replication in addition to the 3CD-59 CL interaction.

All chimeras utilized in this study contained the 39 NCR of
CVB3 in addition to the CVB3 3D or 3CD coding sequences.
Mutations within the 39 NCRs of picornavirus genomes lead to
defects in RNA replication, suggesting a critical role for the 39
NCR in RNA synthesis (31, 52, 55). It is not known if the
exchange of the 39 NCR contributed to the low levels of RNA
replication induced by the chimeric genome. However, Rohll
et al. (49) showed that exchanging the 39 NCR of PV3 with that
of CVB4 or other closely related picornavirus 39 NCRs re-
sulted in replicons with wild-type replication kinetics. These
data suggested that sequences within the 39 NCRs can be
interchanged with minimal consequences for RNA replication
despite the relatively high divergence in sequence and struc-
ture.

The process of viral RNA replication involves a series of
protein-protein and protein-RNA interactions that require
molecular compatibility between the interacting components.
It is known that viral proteins bind or interact with one an-
other, although not all of the functional consequences of these
interactions are understood. Interactions between 3Dpol and
3AB have been demonstrated (23, 39, 42, 45, 60). Stimulation
of 3Dpol polymerase activity in vitro by PV1 3AB has also been
described (38, 42, 45). This observed stimulation of 3Dpol ac-
tivity by 3AB occurs because 3AB increases the utilization of
39-hydroxyl termini by 3Dpol at sites of chain elongation, most
likely by interacting and recruiting 3Dpol to the sites (45). PV1
3AB similarly stimulates CVB3 3Dpol polymerase activity in
vitro, indicating that PV1 3AB and CVB3 3Dpol can interact
(45). Other interactions between 3B (VPg) and 3Dpol have
been described (39). To determine which interactions with the
CVB3 3CD protein are impaired in the PV chimera described
in this report, additional exchanges that substitute the entire
P3 coding region of PV1 for that of CVB3 may be informative.
Such exchanges will reveal whether RNA replication is more
efficient when 3Dpol interacts with the cognate 3AB protein.
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